SAMHD1 is a dNTP hydrolase, whose activity is required for maintaining low dNTP concentrations in non-cycling T cells, dendritic cells, and macrophages. SAMHD1-dependent dNTP depletion is thought to impair retroviral replication in these cells, but the relationship between the dNTPase activity and retroviral restriction is not fully understood. In this study, we investigate allosteric activation of SAMHD1 by deoxynucleotide-dependent tetramerization and measure how the lifetime of the enzymatically active tetramer is affected by different dNTP ligands bound in the allosteric site. The EC 50 dNTP values for SAMHD1 activation by dNTPs are in the 2-20 M range, and the half-life of the assembled tetramer after deoxynucleotide depletion varies from minutes to hours depending on what dNTP is bound in the A2 allosteric site. Comparison of the wild-type SAMHD1 and the T592D mutant reveals that the phosphomimetic mutation affects the rates of tetramer dissociation, but has no effect on the equilibrium of allosteric activation by deoxynucleotides. Collectively, our data suggest that deoxynucleotidedependent tetramerization contributes to regulation of deoxynucleotide levels in cycling cells, whereas in non-cycling cells restrictive to retroviral replication, SAMHD1 activation is likely to be achieved through a distinct mechanism.
SAMHD1 is a dNTP hydrolase, whose activity is required for maintaining low dNTP concentrations in non-cycling T cells, dendritic cells, and macrophages. SAMHD1-dependent dNTP depletion is thought to impair retroviral replication in these cells, but the relationship between the dNTPase activity and retroviral restriction is not fully understood. In this study, we investigate allosteric activation of SAMHD1 by deoxynucleotide-dependent tetramerization and measure how the lifetime of the enzymatically active tetramer is affected by different dNTP ligands bound in the allosteric site. The EC 50 dNTP values for SAMHD1 activation by dNTPs are in the 2-20 M range, and the half-life of the assembled tetramer after deoxynucleotide depletion varies from minutes to hours depending on what dNTP is bound in the A2 allosteric site. Comparison of the wild-type SAMHD1 and the T592D mutant reveals that the phosphomimetic mutation affects the rates of tetramer dissociation, but has no effect on the equilibrium of allosteric activation by deoxynucleotides. Collectively, our data suggest that deoxynucleotidedependent tetramerization contributes to regulation of deoxynucleotide levels in cycling cells, whereas in non-cycling cells restrictive to retroviral replication, SAMHD1 activation is likely to be achieved through a distinct mechanism. SAMHD1 restricts replication of HIV-1, HIV-2, and simian immunodeficiency virus (SIV) in macrophages, dendritic, and resting CD4 ϩ T cells (1) (2) (3) (4) (5) . SAMHD1 and other members of the HD domain family of enzymes display nucleotide-dependent deoxynucleotide triphosphate hydrolysis (dNTPase) activity (6 -10) . This conserved enzymatic activity is thought to be central to the immune function of SAMHD1, but the exact relationship between dNTP hydrolysis and SAMHD1-mediated retroviral restriction is not fully understood. The preferred model is that SAMHD1-mediated depletion of dNTPs in noncycling immune cells such as monocytes, macrophages, and non-cycling T cells inhibits reverse transcription of the viral genome in these cells (9, 11) .
Structural and biochemical studies of SAMHD1 revealed that the enzyme can form a tetramer, which requires binding of nucleotides at two distinct allosteric sites A1 and A2, for the total of eight allosteric ligands per SAMHD1 tetramer (12) (13) (14) (15) (16) . The A1 site is specific for the guanine base and can accommodate either dGTP or GTP, whereas the A2 site requires a deoxynucleotide but can accommodate any of the four dNTPs. The nucleotide-dependent tetramer is the dNTPase active form of SAMHD1, so the specificity of the A1 site explains the dGTP/ GTP dependence of the dNTPase activity, whereas deoxynucleotide binding at the A2 site may act as a substrate activation mechanism.
Studies of the regulatory mechanisms controlling SAMHD1 activity yielded several puzzling observations that cannot be easily explained within the framework of the existing model. First, the ability of SAMHD1 to restrict retroviral replication correlates with the phosphorylation state of threonine 592. Phosphomimetic mutations of Thr-592 abolish restriction, but surprisingly, appear to be intact in their ability to deplete dNTPs (17) (18) (19) (20) . Second, the dNTPase activity of SAMHD1 is regulated via nucleotide-dependent tetramerization (12) (13) (14) (15) (16) 21) . However, several tetramerization-defective SAMHD1 mutants that display a striking dNTPase defect in vitro can nevertheless deplete cellular dNTPs and are restriction-competent (22, 23) . These observations suggest that our understanding of SAMHD1-mediated retroviral restriction is incomplete.
Nucleotide-dependent tetramerization was suggested as a substrate activation mechanism that acts as one of the determinants of cellular dNTP concentrations (12) . This putative regulatory mechanism has been difficult to study, because the allosteric activation of the enzyme by the substrate is masked by the high value of the Michaelis-Menten constant (K m Ͼ100 M) (24, 25) . To contribute to regulation of cellular dNTPs, the affinity of the allosteric site for the substrate should match the physiological dNTP concentrations, which can range between micromolar in permissive cycling T cells to mid-nanomolar in macrophages and other restrictive cell types (26) . Measuring allosteric activation of SAMHD1 as a function of substrate concentration was one of the objectives of this study.
Another unresolved issue is the relationship between SAMHD1 phosphorylation and its ability to hydrolyze and deplete cellular dNTPs. Phosphomimetic mutation T592D does not perturb the tetramerization equilibrium of SAMHD1 in vitro and does not affect the k cat and K m of the enzyme (22, 24, 25) . However, it does affect the rate of tetramer disassembly once dNTPs have been depleted (24) . The effect of Thr-592 phosphorylation on the lifetime of the catalytically active tetramer has been suggested as the explanation for the inability of the phosphorylated SAMHD1 to restrict retroviral replication (24) . In this study, we sought to investigate the dependence of the SAMHD1 tetramer lifetime on the identity of the nucleotide bound in the allosteric site of the enzyme.
We have developed fluorescence-based and NMR-based experimental tools that can be used to investigate the allosteric activation of SAMHD1 by deoxynucleotides (22) . In this study, we show that nucleotide-dependent tetramerization requires micromolar concentrations of dNTPs, which is comparable with dNTP concentrations observed in cycling cells. Phosphomimetic mutation T592D does not affect the equilibrium of allosteric activation of SAMHD1 by deoxynucleotides, but has a kinetic effect that is dependent on the identity of the dNTP bound at the allosteric site. Collectively, our data suggest that in restrictive cells, where dNTP concentrations drop below 50 nM, the activation of SAMHD1 is likely to be achieved through a mechanism that is distinct from the nucleotide-dependent tetramerization observed in vitro.
Results

SAMHD1 Tetramer Lifetime and the T592D Effect on Lifetime Depend on What dNTP Is Bound in the Allosteric Site A2-
It has been suggested that SAMHD1 is capable of forming a long-lived catalytically active tetramer, which can persist long after cellular dNTPs are depleted (25) . The effect of Thr-592 phosphorylation on the lifetime of the active tetramer may thus explain the inability of SAMHD1 to restrict retroviral replication (24) . We first set out to determine the lifetime of SAMHD1 tetramer for different dNTP bound in the allosteric site A2. Fluorescence polarization (FP) 3 measurements of GTP labeled with a fluorescent ATTO-495 group on its ␥-phosphate (GTP-F) can be used to assay formation and dissociation of SAMHD1 tetramers (22) . When SAMHD1 is incubated with an equimolar amount of GTP spiked with a small amount of GTP-F, then upon the addition of deoxynucleotides, one can observe an increase in fluorescence polarization readings, indicative of SAMHD1 tetramerization, followed by a slower decrease of polarization back to baseline values as the enzymatically active tetramer gradually disassociates into monomers once deoxynucleotides have been depleted (Fig. 1A) . These measurements can be performed with different deoxynucleotides with the exception of dGTP, which readily displaces GTP-F from the allosteric site A1.
The results of these measurements reveal that tetramer disassembly rates and the effect of the T592D mutation depend on the identity of the nucleotide occupying the A2 allosteric site ( Fig. 1, B-D) . For example, the T592D mutation results in a significant increase in the tetramer disassembly rate for the dATP-loaded tetramer ( Fig. 1B) in agreement with previous studies (22, 24) . In contrast, the phosphomimetic mutation appears to slow down tetramer dissociation for the dCTPloaded tetramer (Fig. 1C ). The amplitude of the FP increase is smaller for dTTP-mediated tetramerization, and the data suggest a faster tetramer dissociation rate. However, the precision of rate determination for the dTTP-bound tetramer is too low to draw any conclusions about the effect of the T592D mutation.
Although the fluorescence polarization experiments offer a convenient experimental approach for studies of SAMHD1 tetramer stability, an important concern in these studies is whether the covalent modification of GTP with a fluorescent label alters SAMHD1 binding and/or affects protein tetramerization in a significant way. To independently verify the FP observations, we have developed an alternative approach, which requires no covalent modifications of the allosteric ligands or substrates. The relatively slow disassembly rates of SAMHD1 tetramers make it possible to separate the enzymatically active protein from free nucleotides by passing the protein through a small-size desalting spin column. A non-equilibrium state of the enzyme, in which SAMHD1 is predominantly tetrameric whereas the free nucleotides are removed, can thus be created in less than 1 min by using a desalting column and a microcentrifuge. The ability to create such a non-equilibrium state of the enzyme permits measurement of the kinetic and equilibrium properties of SAMHD1 that are difficult to determine by other means.
Once free nucleotides are removed, the SAMHD1 tetramer gradually dissociates into monomers until the new equilibrium is reached ( Fig. 2A ). When dTTP substrate is added to the protein at any time point following nucleotide removal, the dTTP is hydrolyzed by the enzymatically active SAMHD1 tetramer 3 The abbreviations used are: FP, fluorescence polarization; GTP-F, ␥-(6-aminohexyl)-GTP-ATTO-495. remaining in the sample. However, the dTTP cannot reverse tetramer dissociation because SAMHD1 tetramerization requires GTP or dGTP binding at the A1 site. As a result, the observed dTTP hydrolysis rate is determined by the concentration of the remaining SAMHD1 tetramer and can be used to measure tetramer dissociation rates. For example, when the hydrolysis rate by T592D SAMHD1 is measured as a function of the incubation time between nucleotide removal and dTTP addition, one observes a reduction of the hydrolysis rate from 3.5 s Ϫ1 to less than 0.2 s Ϫ1 (Fig. 2B ). The more than 10-fold decrease of the observed rate upon incubation indicates that nucleotide removal by spin column is remarkably efficient. The reduction of the dNTPase activity with the increasing incubation time was fitted to a simple exponential decay function.
Using this approach, we measured rates of SAMHD1 inactivation following nucleotide depletion (designated k off ) for all four deoxynucleotides and determined how these rates are affected by the T592D mutation. We interpret these k off rates as rates of dissociation of the enzymatically active SAMHD1 tetramer.
Although the individual k off rates measured by this method dif-fer from the k off rates determined by fitting the fluorescence polarization data (Fig. 1) , the latter may be affected by the covalent modification of GTP with the fluorescent dye. However, the general trends and key conclusions are in agreement with the fluorescence polarization studies: tetramer dissociation of WT SAMHD1 depends on the identity of the nucleotide bound in the A2 site and is considerably slower for dATP and dCTP than for dTTP and dGTP. Furthermore, we observe that the T592D mutation accelerates dissociation for all nucleotides except dCTP. The dCTP-bound T592D SAMHD1 tetramer is remarkably stable with the dissociation rate less than 10 Ϫ4 s Ϫ1 .
EC 50 dNTP Values for Allosteric Activation of SAMHD1 by Deoxynucleotides Are in the Low Micromolar Range and Not
Affected by the T592D Mutation-The non-equilibrium method described above can also be used to measure the EC 50 dNTP values for the allosteric activation of SAMHD1 by deoxynucleotides. In this modification of the experiment, the dNTP concentrations during the initial incubation of SAMHD1 with nucleotides are varied, resulting in varying amounts of SAMHD1 tetramer formed in the sample prior to nucleotide removal (Fig. 3A) . Once the GTP and dNTP are removed by passing the protein through the desalting column, the dTTP substrate is added and the dTTP hydrolysis rate is measured by NMR. Once again, the dTTP hydrolysis rate is determined by the concentration of the enzymatically active tetramer present in the sample. The EC 50 dNTP values for the allosteric activation of SAMHD1 can thus be determined from the dependence of the dTTP hydrolysis rate on the dNTP concentration used in the initial incubation of SAMHD1 with nucleotides ( Fig. 3, B-E) . As in the measurement of the tetramer dissociation rates, the experiment displays good dynamic range with the dTTP hydrolysis rate increasing close to 10-fold with increasing dNTP concentrations. This range demonstrates that GTP is efficiently removed from the sample by the desalting column. The data display a good fit to the simple binding equation and yield EC 50 dNTP values that range between 2.4 and 23 M depending on the deoxynucleotide. Notably, these EC 50 dNTP values are almost 2 orders of magnitude lower than the K m values reported for SAMHD1. In agreement with our recent analytical ultracentrifugation studies (22) , we observe that the phosphomimetic mutation T592D has only a minor effect on the allosteric activation of the enzyme by deoxynucleotides.
The Identity of the Allosteric Deoxynucleotide Ligand Does Not Have a Strong Effect on Enzyme Specificity-Finally, we used our experimental scheme to investigate whether the identity of the allosteric ligand bound at the A2 site affects the enzymatic properties of SAMHD1. Substrate specificity of ribonucleotide reductase is known to be altered by different allosteric activators of the enzyme, so we set out to check whether SAMHD1 activation by nucleotide-dependent tetramerization displays similar enzymatic properties. Once again, the relatively long lifetime of the assembled, enzymatically active SAMHD1 tetramer allowed us to first assemble the tetramer using different dNTPs, remove nucleotides using a desalting column, and then immediately add dNTP substrate and measure the rate of its hydrolysis by NMR. In this set of experiments, the hydrolysis rate was measured not only for dTTP, but for each of the four dNTPs individually. The results of these measurements are listed in Table 1 . With the exception of dCTP, none of the nucleotides displayed significant differences in the hydrolysis rates when different dNTPs were used as allosteric activators. This was also the case for the phosphomimetic mutant T592D. The hydrolysis rate of dCTP was found to be higher when dATP was used as the allosteric activator for both WT and T592D proteins, but the rate enhancement was less than 2-fold. We conclude that, in contrast to ribonucleotide reductase, the enzymatic specificity of SAMHD1 is not significantly affected by the identity of the allosteric ligand.
Discussion
SAMHD1 was reported to adopt a long-lived enzymatically active state, which can persist for hours after depletion of deoxynucleotides by the enzyme. The effect of Thr-592 phosphorylation on the ability of SAMHD1 to form such a long-lived active state has been suggested as the explanation for the inability of Thr-592 phosphomimetic mutants of SAMHD1 to restrict retroviral replication. In this study, we used two distinct assays to independently measure the dissociation rate of the nucleotide-loaded SAMHD1 tetramer and the lifetime of the enzymatically active state of SAMHD1 following nucleotide depletion. The results of the two assays are in general agreement, suggesting that the lifetime of the enzymatically active SAMHD1 is determined by the dissociation rate of the SAMHD1 tetramer. We show that these rates can vary between 10 Ϫ4 and 10 Ϫ2 s Ϫ1 depending on the identity of the deoxynucleotide bound in the A2 site. Although the exact mechanism of nucleotide-dependent SAMHD1 tetramerization and the typical cellular concentrations of SAMHD1 are not known, the observed tetramer dissociation rates are in the range expected for a protein of this size. For example, if one assumes that the association rate of a dimer consisting of 60-kDa monomers is diffusion-controlled (k on ϳ 10 5 s Ϫ1 M Ϫ1 is a reasonable ballpark estimate (27) ), then for the dimer dissociation constant of 1 nM, the expected dissociation rate is 10 Ϫ4 s Ϫ1 . Dissociation rates can be significantly slower for multimers whose association is not diffusion-controlled and involves major structural rearrangements.
The effect of the phosphomimetic mutation T592D on the lifetime of the enzymatically active SAMHD1 also depends on the identity of the deoxynucleotide bound at the A2 site. For example, the lifetime of the dATP-bound tetramer is significantly shortened by the T592D mutation in agreement with a previous study (Figs. 1B and 2B) (24) . In contrast, the lifetime of the dCTP-bound tetramer is not decreased by the T592D mutation, which raises questions about the role of tetramer lifetime in the inability of T592D to restrict retroviral replication (Figs. 1C and 2D). Furthermore, the effect of T592D on SAMHD1 tetramerization is predominantly kinetic, because the equilibrium of nucleotide-dependent tetramerization is changed only about 2-fold or less by the T592D mutation. The most likely explanation for these observations is that the T592D mutation lowers the activation energy of the rate-limiting step in SAMHD1 tetramerization without affecting the free energy difference between the monomeric and the tetrameric states of the enzyme (Fig. 4A) . The dependence of the tetramer dissociation rate on the dNTP suggests that this rate-limiting step involves interactions mediated by the base of the allosteric deoxynucleotide.
In this study, we show that the EC 50 dNTP values of allosteric activation of SAMHD1 by deoxynucleotides are in the low micromolar range, close to the physiological dNTP concentrations observed in cycling T cells. This observation suggests that the affinity of the allosteric site A2 of SAMHD1 for deoxynucleotides may contribute to the establishment and control of stable dNTP concentrations in cycling immune cells. However, such a substrate activation mechanism is not likely to be relevant in the non-cycling immune cells restrictive to retroviral replication, where dNTP concentrations are known to fall below 50 nM. Vpx-mediated depletion of SAMHD1 in macrophages causes a spike in dNTP concentrations in these cells, which strongly suggests that SAMHD1 is enzymatically active even at the low dNTP concentrations present in the long-lived tissueresident macrophages (11, 28) . We suggest that the mechanism of allosteric activation of SAMHD1 in restrictive cells differs in some significant way from the nucleotide-dependent tetramerization observed in vitro (Fig. 4B ). For example, the affinity of the A2 site for deoxynucleotides in these cells may be lowered by another posttranslational modification of SAMHD1 or by interaction with another cellular factor. It is also possible that SAMHD1 activation may be achieved by an alternative route that does not involve allosteric deoxynucleotides or protein tetramerization. The existence of such an alternative activation mechanism may explain SAMHD1 mutations that disrupt one of the major tetramerization interfaces in SAMHD1 and impair nucleotide-dependent activation of SAMHD1 in vitro, but do not affect the ability of the enzyme to deplete dNTPs in macrophages and to restrict retroviral replication (22, 23) . Furthermore, the effect of the T592D mutation on the EC 50 dNTP values of SAMHD1 activation by deoxynucleotides in vitro is too small to explain the restriction defect. One can hypothesize that phosphomimetic mutations have a much stronger detrimental effect on the alternative activation mechanism relevant at low dNTP concentrations, which would explain why phosphomimetic mutations abolish retroviral restriction.
In summary, our data support the role of nucleotide-mediated SAMHD1 tetramerization in controlling dNTP levels in cycling cells, but raise questions about the relevance of this mechanism for dNTP depletion needed for restriction of retroviral replication. The properties of phosphomimetic and tetramerization-defective mutants of SAMHD1 suggest the possibility of an alternative activation mechanism responsible for dNTP depletion in macrophages, monocytes, dendritic, and non-cycling T cells.
Experimental Procedures
Protein Production and Purification-All experiments described here were performed on the HD domain con-structs of SAMHD1 (residues 115-626). Proteins were expressed using a bacterial expression system and purified as described previously (22) .
NMR-based dNTPase Assay-dNTP hydrolysis by SAMHD1 was measured by acquiring a series of 1D NMR spectra at 1-min time intervals as described previously (22) . Hydrolysis rates were determined by linear fitting of dNTP and dN NMR peak intensities as a function of time. Curve fitting and data plotting were performed using MATLAB (MathWorks) software.
Fluorescence Polarization-The fluorescent reporter molecule used was ␥-(6-aminohexyl)-GTP-ATTO-495 (Jena Biosciences catalog number NU-834-495), referred to as GTP-F in this article. SAMHD1 tetramerization was induced by the addition of dNTP solution (or buffer as a control) to the mixture of SAMHD1, GTP, and GTP-F at time 0, and FP measurements were taken at regular time intervals (22) . After the addition of dNTP (or buffer), the samples contained the following final concentrations of reagents: 3 M SAMHD1, 3 M GTP, 20 nM GTP-F, and either 500 M or 0 M dNTP. All samples were prepared in the buffer containing 50 mM Tris, pH 8.0, 50 mM NaCl, 5 mM MgCl 2 , and 2 mM DTT. Baseline-corrected FP readings shown in Fig. 1 were obtained by subtracting FP traces of buffer controls from the FP traces of samples to which dNTPs were added. The baseline-corrected data were fitted to a simple exponential decay formula f(x) ϭ A ϫ exp(Ϫtime ϫ k off ) ϩ B by non-linear least squares regression analysis using GNUplot. The three parameters, A, B, and k off , were fitted except for the dCTP data where B was set to zero. The fits are shown as solid black lines in Fig. 1 . The fit lines span the range of data points included in the regression analysis. Data points within the initial rise of the FP readings were excluded from the fit.
Activity Decay Measurements-1 M SAMHD1 was incubated for 5 min with 1 mM dNTP and 50 M GTP in the buffer containing 5 mM DTT, 5 mM Mg 2ϩ , 150 mM NaCl, 50 mM Tris, pH 8.0. The 50-l sample(s) were then passed through the 0.5ml, 7000 molecular weight cut-off Zeba Spin desalting column (Thermo Fisher Scientific, catalog number 89882). After nucleotide removal, the samples were incubated for increasing periods of time, and then SAMHD1 was further diluted into the substrate buffer to yield the final concentrations of 0.2 M SAMHD1 and 1 mM dTTP in the same buffer. The dTTP hydrolysis rate was then measured using NMR-based detection. . Implications for SAMHD1 function. A, a predominantly kinetic effect of the T592D mutation is most likely explained by a change in the activation energy for the rate-limiting step in the SAMHD1 tetramerization process. The mutation has only a minor effect on the tetramerization equilibrium. B, EC 50 dNTP values for SAMHD1 activation by deoxynucleotides match dNTP concentrations in cycling immune cells. The nucleotide-dependent tetramerization of SAMHD1 may thus contribute to dNTP regulation in cycling cells. SAMHD1 activation in non-cycling cells is likely to be mediated by a distinct mechanism.
The data were fitted to the simple exponential decay equation y(t) ϭ A ϫ exp(Ϫt ϫk off ) using non-linear least squares regression procedure in MATLAB.
EC 50 dNTP Measurements-1 M SAMHD1 was incubated for 5 min with 50 M GTP and increasing concentrations of dNTPs in the same buffer as above. Nucleotides were then removed using the Zeba column, and the dTTP hydrolysis rates were measured as described in the previous section. The data were fitted to the simple EC 50 equation y(x) ϭ A ϫ (x/(x ϩ EC 50 )), where x is dNTP concentration, using non-linear least squares regression procedure in MATLAB.
Effects of Allosteric dNTPs on Enzyme Specificity-Experiments were performed the same way as for the activity decay measurements, except that there was no incubation after nucleotide removal with the Zeba column. Instead, different deoxynucleotide substrates were immediately added to the samples as described above and the hydrolysis rates were measured for each dNTP substrate individually. 
